A history of prior fracture is the most reliable indicator of prospective fracture risk. Increased fracture risk is not confined to the region of the prior fracture but is operant at all skeletal sites, providing strong evidence of systemic bone loss after fracture. Animal and human studies suggest that systemic bone loss begins shortly after fracture and persists for several years in humans. In fact, bone quantity and bone quality may never fully return to their pre-fracture levels, especially in older subjects, demonstrating a need for improved understanding of the mechanisms leading to systemic bone loss after fracture in order to reduce subsequent fracture risk. Although the process remains incompletely understood, mechanical unloading (disuse), systemic inflammation, and hormones that control calcium homeostasis may all contribute to systemic bone loss. Additionally, individual factors can potentially affect the magnitude and time course of systemic bone loss and recovery. The magnitude of systemic bone loss correlates positively with injury severity and age. Men may also experience greater bone loss or less recovery than women after fracture. This review details the current understanding of systemic bone loss following fracture, including possible underlying mechanisms and individual factors that may affect this injury response.
Introduction
Osteoporosis-related fractures are a significant clinical concern for the aging population, with two million osteoporotic fractures in the USA on a yearly basis accounting for approximately 19 billion dollars in medical costs [1] . Despite the clinical significance of bone fragility, factors underlying agerelated bone loss and fracture risk remain incompletely understood. The development of osteoporosis depends on changes in the balance between bone formation and bone resorption throughout life [2] [3] [4] [5] [6] . Therefore, it is important to identify and better understand the mechanisms that modulate the relative balance of these processes and lead to decreases in bone mass and strength. One underappreciated risk factor for osteoporotic fracture is systemic bone loss after a prior fracture. This review first summarizes evidence for systemic bone loss after fracture, then discusses potential mechanisms driving this phenomenon, and finally examines individual factors affecting the magnitude of systemic bone loss after fracture.
Evidence for Systemic Bone Loss after Fracture

Increased Fracture Risk Following an Initial Fracture
Increase of prospective fracture risk after an initial fracture is consistent with fracture causing systemic changes in bone quantity and bone quality. While many risk factors for fracture have been identified, a prior fracture is the most reliable predictor of future fracture risk at any skeletal site [2, 3] . Even minor fractures increase the risk of subsequent major fractures [4] . Individuals with a prior fracture have a 2-10 times higher risk of sustaining a future fracture than individuals without a prior history of fracture, and subsequent fractures further increase prospective fracture risk [5] [6] [7] [8] [9] . These changes in fracture risk are sustained for many years. Women that experienced fracture between the ages of 20 and 50 years had an increased risk into their 70s, and men with a history of fracture before the age of 18 years had a significantly higher risk of fracture after the age of 35 years [10, 11] . Prior fracture remains a significant predictor of future risk even after controlling for bone mineral density (BMD), indicating that this phenomenon is not solely a correlate of individuals with lower BMD being more prone to fracture [11, 12] .
The risk of subsequent fracture decreases with time after injury but remains elevated above that of individuals without a history of fracture in the long term [3, 5, [13] [14] [15] . For example, the relative risk for hip, spine, and wrist fractures declined in the 5 years after a shoulder fracture in 60 year-old patients but remained elevated relative to the general population (Fig. 1 ) [3] . This suggests that after an acute elevation in fracture risk, partial recovery occurs. Therefore, the heightened risk of subsequent fracture, while most acute for the first few years after an index fracture, may persist for several decades.
The etiology of increased fracture risk following an initial fracture is unclear. However, over two decades ago, Silman proposed several potential mechanisms by which an initial fracture could predict future fracture risk [16] :
1. Risk factors for the development of one fracture are still operative to increase susceptibility to a second and subsequent event 2. There may be mechanical influences caused by having had one fracture, and it may be these mechanical effects that increase this subsequent risk 3. The occurrence of a fracture, particularly in the limbs, is followed by bone loss, not completely reversible, which could lead to an increased risk of subsequent fracture
With regard to the first point, previous studies have shown that preexisting poor physical function, higher risk of falls, or other individual cofactors do contribute to higher fracture risk [17] [18] [19] [20] . Index fracture may also negatively impair physical function, through derangement of joint mobility and discoordination, supporting the second mechanism [21, 22] . However, these two mechanisms may not entirely explain elevated risk of subsequent fracture. It is also likely that fracture causes systemic bone loss and reductions in bone quality, which decrease skeletal strength, and individuals may not completely recover from this for many years, if ever. Post-traumatic bone loss may interact with natural age-related skeletal degeneration, placing individuals on a higher risk trajectory for the development of osteoporosis and future fractures (Fig. 2) [16] .
Acceleration of Bone Remodeling Following Fracture
Although studies of bone remodeling following fracture have not typically investigated systemic bone loss, accelerated remodeling after fracture supports the hypothesis that fracture leads to long-term systemic decreases in bone mass. After fracture, bone remodeling increases both in the skeletal regions close to the fracture site and systemically. Frost named the increase in bone turnover near the fracture the regional acceleratory phenomenon (RAP) [23, 24] . RAP peaks within 1-2 months after injury, with reported increases anywhere between 2 and 20 times above normal levels, and this increased remodeling rate persists for 6-24 months [24, 25] . While the RAP increases both bone formation by osteoblasts and bone resorption by osteoclasts, the rate of resorption typically outpaces the rate of formation [26, 27] . Since the nineteenth century, it has been recognized that greater resorption than formation after fracture leads to regional bone loss in the fractured element or injured limb, commonly referred to as either post-traumatic osteoporosis or osteopenia [28, 29] . Importantly, a systemic acceleratory phenomenon (SAP) has also been documented after skeletal damage. Tibial osteotomy increased bone formation rate and mineralizing surface in mice and rats 3-3.5-fold at the contralateral tibia and lumbar vertebrae [30] [31] [32] . Other histomorphometry studies detected increases in osteoclast activity in lumbar vertebrae following femur osteotomy or fracture in mice [33, 34] . Thus, as occurs Fig. 1 Relative risk (RR) of hip, spine, and forearm fracture for 5 years after a shoulder fracture in men and women aged 60 years [3] during the RAP, the balance of increased remodeling during the SAP may skew towards bone resorption, resulting in a net decrease in bone mass.
Clinical studies support a SAP in humans, during which resorption exceeds bone formation. These studies typically measured bone resorption markers in serum or urine following fracture, so it was not possible to assess differences in remodeling at individual skeletal sites. Nevertheless, following fracture, increased osteoclast activity preceded elevation of osteoblast activity. Markers of resorption increased within 2 weeks after fracture, whereas markers of bone formation did not increase until 24 weeks [35] . Bone formation and bone resorption rates can remain imbalanced for many years after fracture [35] [36] [37] [38] [39] [40] . For instance, women who sustained a fracture in the past 6 years still had decreased bone formation but unchanged levels of bone resorption compared to controls [36] . Another study found marginally elevated markers of both bone formation and resorption in women who had suffered a fracture at any point in their life [37] . This pattern became stronger and statistically significant when only women who had sustained fractures in the 2 years prior were examined. Thus, the timeline of bone remodeling after fracture closely follows that of prospective fracture risk: most acute in the first few years after injury, but remaining elevated compared to non-fractured individuals in the long term, strongly suggesting that systemic bone loss is a mechanism for increased risk of prospective fracture [3] . Additional research is required to better quantify the duration of increased osteoclast and osteoblast activity following fracture and identify time points at which the greatest imbalance exists between systemic resorption and formation.
Animal Studies of Systemic Bone Loss After Fracture
A better understanding of the magnitude and duration of postfracture systemic bone loss requires direct measurement of changes in bone quantity and architecture. Animal models provide the best means for determining the mechanisms and time course of bone loss and recovery following fracture, as they allow for evaluation at a level of detail not easily achieved in clinical studies. Animal studies either create fracture using a controlled impact or they simulate a fracture using osteotomy [30, 33, 41, 42] . Animals are then examined at various time points to assess short-and long-term skeletal adaptation. Most studies of fracture healing have focused exclusively on the affected limb; only a few studies have considered systemic changes in bone quantity after fracture as a primary variable. Two recent studies reported systemic bone loss following femur osteotomy in mice [33, 43] . Fischer et al. studied the effect of fracture on post-traumatic bone loss in mice with different amounts of dietary calcium [33] . Three weeks after osteotomy, lumbar vertebrae trabecular bone volume fraction (BV/TV) decreased and osteoclast activity increased in fractured mice compared to controls. However, decreases in BV/TV only reached statistical significance in mice fed a mineral deficient diet, whereas the group on a control diet exhibited a non-significant decrease. HaffnerLuntzer et al. examined systemic calcium mobilization after femur osteotomy in wild type and Cckbr−/− mice, a model for calcium malabsorption due to gastric hypochlorhydria [43] . While this study did not compare fracture to non-fractured animals, osteoclast activity in the lumbar vertebrae was higher in fractured Cckbr−/− mice, which also exhibited reduced bending strength of the uninjured femur compared to fractured wild-type mice. These two studies strongly suggest that increased remodeling after fracture leads to systemic bone loss in uninjured elements. However, they did not extensively examine the magnitude and time course of systemic bone loss outside the context of mineral deficiency.
A recent study from our lab explicitly investigated the time course and mechanisms of systemic bone loss and recovery in mice following femur fracture [34] . Analysis of whole-body BMD and bone mineral content (BMC) with dual-energy x- ray absorptiometry (DXA) revealed loss of bone 2 weeks after fracture. At later time points, bone was recovered in young (3 month old) but not middle-aged (12 month old) mice. Similarly, vertebral trabecular bone volume fraction (BV/ TV) was decreased 12-18% by 2 weeks post-fracture in both young and middle-aged mice. By 6 weeks post-fracture, BV/ TV had recovered to pre-fracture levels in young mice, but BV/TV did not change from 2 to 6 weeks in middle-aged fractured mice. These results are similar to the time course of trabecular bone loss we have observed in the injured and contralateral knees following ACL rupture in mice (Fig. 3 ) [44, 45] . In this injury model, rapid bone loss occurred for 1-2 weeks post-injury, followed by a partial recovery by 4 weeks. It remains unclear if the skeleton ever returns to pre-fracture levels of bone quantity and strength.
Obviously, it is difficult to translate the magnitude and time course of fracture repair in mice to that of humans, but the general injury response has important clinical implications. Fracture immediately initiates a period of bone loss, and, while most pronounced in the damaged region, this process occurs throughout the skeleton. Subsequently, partial recovery occurs, but bone mass may not return to pre-fracture levels. Again, this trajectory parallels the time course of future fracture risk following an initial fracture, with especially high fracture risk in the period immediately following fracture and decreased fracture risk at later time points, though still slightly elevated compared to non-fractured individuals.
Clinical Evidence for Systemic Bone Loss After Fracture
Clinical studies measuring changes in bone during follow-up after fracture provide evidence of systemic bone loss by comparing fractured individuals with controls matched for sex, age, and hormonal status. Reported decreases in BMD within the injured limb following fracture range from 3 to 31% relative to baseline values measured close to the time of fracture [35, 38, 46, 47] . After proximal femur fracture, men exhibited 9-13% lower forearm BMC and lumbar spine BMD than age-matched controls [48, 49] . However, given a lack of pre-fracture baseline, these findings may reflect either systemic bone loss or that men with lower BMC and BMD had an inherently higher fracture risk.
Importantly, longitudinal studies have shed light on the time course of systemic changes in humans [50] [51] [52] [53] . Six months after tibial shaft fracture, contralateral proximal femur BMC decreased by an average of 2-3% [51] . Another longitudinal study of the contralateral radius after Colles' fracture showed that BMC decreased by 10% in the first 4 months [52] . This study is particularly interesting, because bone loss in the injured limb was greatest after 4 months and recovered thereafter, suggesting that regional and systemic bone loss follow similar time courses. Another study modeling ultradistal tibia stiffness and failure load following surgery on the tibia showed that trabecular thickness, as well as overall stiffness and failure load of both the injured and contralateral limb decreased within 6 weeks of the procedure [54] . Material properties of either limb did not return to baseline levels by 4 months after surgery.
A recent study from our lab further investigated systemic bone loss by examining changes in total hip BMD in women enrolled in the Study of Osteoporotic Fractures (SOF) who had an incident fracture during a 4-year period compared to those that did not fracture [2] . We found that women with an incident fracture during this period experienced a greater Fig. 3 Trabecular bone loss postinjury. Injury causes acute bone loss followed by an incomplete recovery in both the injured and contralateral limb decline in total hip BMD than women without fracture. Bone loss was particularly pronounced during intervals that included an incident fracture of the vertebrae, elbow, humerus, clavicle, hip, and pelvis. Accelerated bone loss was isolated to the 2-year period that included the fracture; this accelerated bone loss was not observed during the 2 years before or 2 years after the fracture interval. This finding is in agreement with studies that found accelerated losses in BMD at the contralateral hip, proximal femur, and lumbar vertebrae in the year following hip fracture [55] [56] [57] [58] . After 1 year, fractured individuals lost 5-10% BMD, compared to non-fractured controls who lost between 0.5 and 1%.
Altogether, these longitudinal clinical studies suggest a trajectory of systemic bone changes similar to that seen in the mouse model of systemic bone loss used in our lab, though on a much longer timeline. Systemic bone loss begins within weeks of a fracture and lasts between 6 and 24 months. Bone loss in the first 1-2 years after fracture also correlates with the period of increased fracture risk observed in the years immediately after injury, suggesting that acute systemic bone loss following a fracture may be a primary mechanism underlying the increased risk. Unfortunately, no longitudinal study has evaluated systemic changes at later time points, so the extent and time course of subsequent recovery remains unclear. Decreases in fracture risk in the years after fracture indicate that some recovery towards pre-fracture levels of bone strength does occur [2, 34, 44] . However, particularly in older people, fracture risk may never return to the level of non-fractured individuals, suggesting that the new steady state for bone mass and strength falls below pre-injury levels. Increased awareness of systemic bone loss can guide the development of clinical strategies for maintaining bone health. As post-traumatic bone loss likely occurs within 2 years of the injury, maintaining bone mass and bone strength may require early interventions. Further improving understanding of systemic bone loss requires consideration of the mechanisms driving bone loss and the individual factors that affect this response.
Mechanisms of Bone Loss After Fracture
The etiology of systemic bone loss after fracture remains poorly understood. Animal and clinical studies have implicated unloading (disuse), inflammation, and hormones that regulate calcium homeostasis in post-traumatic bone loss, but the relative contribution of these factors and how they alter the activity of bone cells has not been sufficiently explored.
Bone Cells Involved in Bone Loss Following Fracture
Bone resorption and formation initiated by fracture results from changes in the activity of bone cells: osteoblasts, osteoclasts, and osteocytes. Osteoblasts deposit bone matrix and regulate increases in the number and activity of osteoclasts, bone resorbing cells, during the fracture repair process via macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear kappa B ligand (RANKL) [59] [60] [61] [62] . Osteocytes derive from osteoblasts that become embedded in lacunae within bone matrix, and their processes extend through canaliculi. These cells regulate osteoclast and osteoblast activity and can also directly remove bone matrix through perilacunar remodeling [59, [63] [64] [65] [66] . Changes in the activity of osteoblasts, osteoclasts, and osteocytes arise due to changes in mechanical loading and circulating signaling factors following fracture.
Mechanical Unloading (Disuse) Following Injury
Fracture has predominantly been associated with disuse of the injured region, but generalized reduction in activity could also contribute to systemic changes. A relationship between total or partial disuse and bone loss has long been recognized based on the skeleton's catabolic response to bed rest, immobilization, and space flight [27, 29, 67] . Similarly, following fracture, a patient's overall activity levels are typically reduced. In our study of systemic bone loss following fracture in mice, we found that overall activity level of mice was decreased 4 days post-fracture, with no significant differences at later time points [34] . This suggests that reductions in mechanical loading might contribute to the observed systemic bone loss in mice, but the brief duration of changes makes it unlikely that reduced mechanical loading fully accounts for all systemic bone loss. Unloading may actually play a bigger role in humans, in which fracture typically leads to a greater degree of disuse for a longer period of time. In humans, the ability to recover bone lost due to a 4-month period of disuse appears variable, with some regions of the body showing minimal or no recovery [68] . While disuse following fracture is not typically full unloading, this finding demonstrates that generalized disuse can contribute to systemic loss of bone tissue that may not be fully reversible.
Systemic Chemical Messengers Produced by Disuse
In addition to the direct effects of unloading on the activity of bone cells, disuse may also release signaling factors that increase bone resorption systemically. As a result of unloading, increased RANKL production by osteoblasts and osteocytes upregulates osteoclastic bone resorption, and increased production of sclerostin by osteocytes reduces osteoblastic bone formation [69] [70] [71] [72] [73] [74] . Circulation of these factors beyond the fracture region could lead to net loss of bone systemically. A year-long clinical study found that sclerostin serum levels increased in patients with long bone fractures for 8 weeks after fracture [75] . They then decreased gradually for the rest of the year but remained elevated relative to controls. Consistent with this being due to disuse, a bed rest study found that serum sclerostin peaked at 8 weeks and decreased thereafter [76] .
Altogether, unloading may contribute to systemic bone loss, either due to direct effects on the activity of bone cells or due to the release of signaling factors that systemically decrease bone formation and increase bone resorption. Thus, disuse is likely one of several relevant factors contributing to systemic bone loss after fracture. Importantly, studies of unloading have primarily dealt with total unloading rather than partial disuse, and no study has specifically evaluated the effect of unloading following fracture on systemic bone loss. Therefore, future studies on animal fracture models could evaluate if different degrees of disuse change the amount of systemic bone loss post-fracture, and serum levels of RANKL, sclerostin, and other circulating factors associated with bone formation and resorption.
Inflammation
Fracture, like any traumatic injury, produces an inflammatory response that plays an essential role in initiating and regulating the repair process [77] . A link between chronic inflammation and bone loss has been well established. Patients with autoimmune diseases or other chronic inflammatory conditions such as rheumatoid arthritis, inflammatory bowel disease, chronic obstructive pulmonary disease, and ankylosing spondylitis exhibit systemic bone loss and an increased risk of osteopenia or osteoporosis [78] [79] [80] [81] [82] [83] [84] [85] . However, the effect of acute inflammation following fracture on bone has not been well established.
Effect of Pro-Inflammatory Cytokines on Bone Cells
During the inflammatory response, immune cells and osteoblasts release pro-inflammatory cytokines, notably TNF-α, IL-1, and IL-6, which have catabolic effects on bone [60, [86] [87] [88] [89] [90] [91] . These cytokines induce RANKL production in osteoblasts and osteocytes, increasing osteoclast differentiation; they may also directly activate osteoclasts [60, 91, 92] . Pro-inflammatory cytokines also reduce the deposition of bone matrix by osteoblasts either through direct interaction or by increasing osteocyte production of sclerostin and Dickkopf-related protein 1 (DKK1), which decrease osteoblast activity by inhibiting the Wnt/ β-catenin pathway [60, 78, 85, 88, 93, 94] .
Evidence for Bone Loss Due to Post-Fracture Inflammation
Evidence that increases in pro-inflammatory cytokine concentrations after fracture directly cause systemic bone loss is limited, but compelling. In our study of systemic bone loss following fracture in mice, we observed elevated IL-6 concentration in serum compared to controls 3 days post-fracture in both young and middle-aged mice (Fig. 4) [34] . At the same time point, osteoclast number and resorbing surface area was increased in the lumbar vertebrae. This correlation suggests that increased pro-inflammatory cytokine concentrations may initiate increases in systemic resorption. Another study of mice detected a similar pattern at the fracture site, with IL-1 and TNF-α expression in the fracture callus peaking in the first 24 h after fracture, and then subsequently decreasing before rising again in the third week after fracture [95] . In rats, expression of IL-6 in blood vessels and muscles reaches a maximum within the first day following femur fracture, both at the fracture site and in the contralateral limb [96] . Clinical study of humans found that IL-6 levels in plasma reached a maxima 48 h post-fracture; a similar pattern was seen following thoracoabdominal surgery [97, 98] . These early elevations in pro-inflammatory cytokine concentration may trigger post- Fig. 4 Enzyme-linked immunosorbent assay (ELISA) of serum interleukin-6 levels in a young and b middle-aged mice after fracture. At day 3, young fractured mice had a 3.5-fold increase in serum IL-6, while middle-aged fractured mice had a 21.9-fold (p < 0.001) increase in serum IL-6 compared to age-matched control mice. Error bars represent standard deviation. *p ≤ 0.05 [34] traumatic bone loss, though this remains to be shown mechanistically.
Further work is required to conclusively demonstrate that post-fracture inflammation causes systemic bone loss. Also, which pro-inflammatory cytokines have the greatest effect on bone remodeling remains unclear. The majority of studies track IL-6 concentrations because it is the most abundant inflammatory cytokine in circulation, and it moderates the effect of other cytokines [60, 88] . Future animal and clinical studies could better characterize how cytokine concentrations change during fracture healing and examine how these changes correlate with rates of bone formation and resorption. Also, if post-fracture inflammation is a primary cause of systemic bone loss, then anti-inflammatory treatments should be able to reduce bone loss after fracture [60] .
Systemic Bone Loss Addresses Mineral Need During Fracture Repair
It has been proposed that systemic increases in remodeling play an important role in local bone repair. The SAP may increase bone remodeling to make available mineral stored throughout the body to address an acute local need (fracture healing) [34] . Consequently, the availability of dietary calcium could modulate the utilization of mineral stores in the skeleton [43] , and individuals with diets deficient in mineral may experience greater systemic bone loss after fracture. Consistent with this hypothesis, Fischer et al. found that fractured mice fed a mineral-deficient diet exhibited greater loss of bone at the lumbar vertebrae after femur osteotomy than mice on a normal diet (Fig. 5) [33] . Also, Haffner-Luntzer et al. found that calcium supplementation after femur osteotomy in mice decreased osteoclast activity and increased BV/TV and BMD in the lumbar vertebrae relative to fractured mice on a control diet, suggesting that post-fracture systemic bone resorption addresses mineral need [43] . A clinical examination of bone loss in the lumbar spine and contralateral femoral neck after hip fracture similarly found that decrease in BMD was greater in the year after fracture in individuals with lower dietary calcium intake and serum levels of vitamin D [58] . In another study, individuals with either an upper or lower limb fracture that received calcium and vitamin D supplements demonstrated an increase in lumbar BMD in the year after fracture, whereas this variable decreased in fractured individuals who did not receive supplements [99] . These findings suggest that systemic bone loss following fracture provides mineral for callus formation and fracture repair, since the extent of mineral need affects the magnitude of systemic changes in bone quantity. The efficacy of mineral supplementation for preventing post-traumatic bone loss certainly merits further study.
PTH as a Regulator of Systemic Bone Loss
If the SAP provides mineral for fracture healing, then hormones that regulate release of calcium and vitamin D from the skeleton may play an important regulatory role in systemic bone loss [100, 101] ; parathyroid hormone (PTH) may be particularly important. While intermittent low doses of PTH are anabolic, continuous exposure to PTH stimulates bone resorption [101] . PTH indirectly stimulates bone resorption by upregulating RANKL and IL-6 production in osteoblasts and osteocytes [101, 102] . In addition, PTH may increase direct bone resorption by osteocytes [103] [104] [105] .
The regulation of bone remodeling after fracture by PTH has been the subject of several investigations [106] . For example, PTH levels increased following leg fractures in dogs from the time of injury to the formation of the bony callus, suggesting that PTH mediates systemic resorption of bone for callus formation [107] . A study of mice directly assessed the relationship between systemic bone loss, PTH levels, and mineral need after fracture. Comparisons of mice with a normal and calcium/vitamin D-deficient diet showed that PTH concentration and osteoclast surface per bone surface of the lumbar vertebrae increased in both groups after osteotomy. However, the increases were significantly greater in the deficient diet group [33] . Conversely, elevated PTH was not seen [33] in fractured mice with mineral-supplemented diet, and osteoclast activity was lower than in the other two groups. Mineraldeficient mice also showed significant decreases in BV/TV compared to non-fractured mice on the same diet, whereas mice with a control or mineral-supplemented diet did not. Increased PTH, osteoclast activity, and bone loss when the diet lacks mineral strongly suggest that PTH increases systemic bone resorption to address mineral need at the fracture site.
Several clinical studies have also found that PTH level increases in the first year after fracture, corresponding to the period during which bone loss may occur [2, 3, 40, 52, 108] . For example, one study showed that individuals recovering from fracture and receiving calcium and vitamin D had lower PTH levels than fractured individuals not receiving mineral supplementation. After 1 year, only non-supplemented individuals showed decreases in lumbar BMD [99] . Thus, systemic bone loss may address a mineral need at the fracture site, and PTH may act as a key regulator of systemic bone resorption. Subsequently, calcium and vitamin D supplementation may have the potential to reduce circulating levels of PTH and reduce systemic bone loss following fracture. Further animal and clinical studies could also evaluate if long-term mineral supplementation improves recovery from systemic bone loss.
Importantly, PTH may have opposing effects on fracture healing and systemic bone loss. Animal models have found that PTH improves localized bone healing. Administration of exogenous PTH in rats improved callus size, strength, BMD, and BMC [106, [109] [110] [111] [112] . Therefore, it is likely that improvements in callus volume and mineralization associated with PTH treatment may come at the expense of increased systemic resorption. Given clinical interest in PTH as a method for improving fracture healing, future studies should investigate the potentially contrasting effects of PTH on localized and systemic bone adaptation to fracture [106] .
Variation in Systemic Bone Loss after Fracture
Current research has established that post-traumatic bone loss throughout the skeleton is not uniform. The amount of bone lost may correlate positively with injury severity, older individuals may not recover bone lost after fracture to the same extent as younger individuals, and men may experience greater systemic bone loss than women.
Severity of Injury
The severity and number of fractures likely affects the magnitude of systemic bone loss. Our previous study examining loss of hip BMD in women found greater bone loss in women that had incident fractures of larger skeletal sites (vertebra, hip, humerus, elbow, clavicle), while fractures of smaller skeletal sites (hand, knee, foot, toe) were not associated with increased loss of hip BMD [2] . Similarly, individuals that experienced multiple incident fractures during the study period lost considerably more hip BMD than those with a single fracture.
The correlation between injury severity and bone loss may relate to the extent of inflammation. Serum levels of IL-6 positively correlate with clinical injury severity scores [113, 114] . Mice with both soft tissue damage and bone fragment injections exhibited higher circulating IL-6 than individuals with only soft tissue damage or injected bone fragments [115] . Similarly, a rat trauma model compared the inflammatory response to different combinations of injuries (blunt chest trauma, skull trauma, femur fracture) [116] . Rats subjected to all three injuries showed higher serum pro-inflammatory cytokine levels than rats with only one or two injuries. These results are consistent with more severe injuries producing a greater inflammatory response, and this may increase bone resorption systemically. However, no study has directly demonstrated that increased cytokine concentrations after a larger fracture or in the context of multiple fractures produces greater bone loss throughout the skeleton. Additionally, more severe injuries may result in greater disuse or even complete immobilization.
The specific relationship between fracture severity and the magnitude of bone loss has not been investigated. Systemic bone loss may increase linearly with the number or severity of fractures, or alternatively, one or more thresholds of injury severity may exist above which greater systemic bone loss occurs. Future animal studies can test this possibility and can better quantify the relationship between the severity and number of fractures and the magnitude of systemic inflammation, mineral mobilization from the skeleton, and disuse.
Age
The magnitude of systemic bone loss following fracture may increase with age, and the ability to recover from this acute bone loss may decrease. Our study investigating systemic bone loss and recovery following femur fracture in mice found significant age-related differences in the trajectory of systemic bone loss and recovery after fracture [34] . Two weeks after fracture, whole-body BMD and BMC decreased in both young (3 month old) and middle-aged (12 month old) mice. By 6 weeks post-fracture, young mice fully recovered from this bone loss, whereas whole-body BMD did not recover in middle-aged mice. These data suggest that younger people may have the ability to fully recover from transient bone lost after fracture, while older individuals may be left with a longer-term or even permanent deficit.
Age-related changes in post-fracture inflammation may be an underlying mechanism driving greater systemic bone loss and poorer recovery following fracture in older individuals. Dysregulation of the immune system in the elderly chronically increases inflammatory status [117, 118] . Humans also show age-related differences in the magnitude and duration of inflammatory response to injury. For example, proximal femur fracture increased serum concentrations of IL-6 more in patients older than 70 years than in patients younger than 50 years [119] . Furthermore, after surgery, IL-6 concentrations increase more rapidly and remain elevated longer in elderly than middle-aged people [120, 121] . Based on these observations, Hazeldine et al. proposed a model of agedifferences in the inflammatory response to injury (Fig. 6 ) [121] . Aged individuals have higher circulating baseline levels of pro-inflammatory cytokines than young individuals. After injury, they also produce more pro-inflammatory cytokines, and the immune response lasts longer [119, [121] [122] [123] . In the context of fracture, dysregulation of the immune system may increase osteoclast activity or prolong the period of bone resorption. As pro-inflammatory cytokines also decrease osteoblast activity, elderly people may also exhibit reduced bone formation due to higher baseline levels of inflammation. Our study of mice supports the hypothesis that greater inflammation in older animals causes poorer recovery of bone quantity. Three days after fracture, middle-aged mice exhibit 4-fold greater concentrations of IL-6 than young mice [34] .
Age-related decrease in estrogen and testosterone levels may explain increased pro-inflammatory cytokine production in older individuals [102, 123, 124] . Sex hormones suppress pro-inflammatory cytokine-mediated bone resorption. Experiments on ovarectomized mice and in vitro mouse osteoblast lines demonstrate that estradiol suppresses osteoblast production of IL-6 and osteoclastogenesis [122, 125] . Similarly, a clinical study found that after oophorectomy, women exhibited increases in IL-1, IL-6, TNF-α, and bone resorption [126] . Estrogen supplementation decreased concentrations of both pro-inflammatory cytokines and markers of bone resorption. Decrease in testosterone levels also increases osteoclastogenesis, and treatment with IL-6 antibody counteracts this, demonstrating the ability of testosterone to reduce pro-inflammatory cytokine-mediated bone resorption [127, 128] . As would be expected, individuals with low sex hormone levels have greater fracture risk and decreased BMD [129] [130] [131] [132] . Thus, greater post-fracture bone loss in older people may be partially due to lower sex hormone concentrations.
Diminished ability to recover bone after fracture in aged individuals may also reflect a reduced anabolic response to mechanical loading compared to younger individuals [133, 134] . As a result, return to normal activity levels may not be sufficient to fully recover lost bone in aged individuals. Thus, increased inflammation, reduction of sex hormones, and reduced anabolic response to loading may explain greater systemic bone loss and diminished recovery of bone in older individuals. From a clinical perspective, greater systemic bone loss post-fracture in older individuals suggests that interventions to preserve bone mass after fracture, potentially through decreasing the inflammatory response or increasing bone deposition during recovery, may be especially important for older patients. Future animal studies can evaluate systemic bone loss throughout the life course, and ovariectomized and orchidectomized animals can be used to explore the role of sex hormones in reducing bone loss after fracture.
Sex
Sex differences in the magnitude of bone loss following fracture have never been directly demonstrated. However, studies of fracture risk following an initial fracture suggest possible differences in either the magnitude of systemic bone loss or the extent of recovery. Amin et al. found that fractures before the age of 18 years were associated with a higher risk of future fracture in men but not in women (Fig. 7) [10] . A metaanalysis of five studies determined that men older than 50 years with history of Colles' fracture had a higher risk of subsequent hip fracture than women [7] . Another study found that 5 years after fracture, men had a considerably higher risk of hip and forearm fracture than women [3] . Thus, not only does risk of fracture appear greater in males, but the period of Fig. 6 Changes in proinflammatory cytokine concentrations post-fracture in young and old individuals. Prior to fracture, old people have higher baseline pro-inflammatory cytokine level. After fracture, cytokine levels reach a higher peak in old people and take longer to decrease [121] elevated risk may be longer as well. Although other factors such as behavioral differences cannot be ruled out, higher risk of subsequent fracture in men could result from greater systemic bone loss. The underlying mechanisms of sex-based differences in post-fracture bone loss and subsequent fracture risk remain unclear, but differences in growth and the inflammatory response are likely candidates.
Effect of Adolescent Growth on Sex Differences in Systemic Bone Loss
Due to sexual differences in adolescent growth, a fracture during adolescence may create a lasting systemic bone deficit in men more than in women. During the growth spurt, adolescents exhibit a transient increase in bone porosity, fragility, and the incidence of fracture [10, 135] . This may reflect the skeletal system addressing the mineral need created by rapid increase in stature, and a fracture would create a competing mineral demand [136] . As the male growth spurt is longer and achieves a greater velocity, this creates a greater mineral need, and adolescent males exhibit higher rates of bone turnover and a more marked increase in cortical porosity [137] [138] [139] . Consequently, males may not be able to divert as much mineral to recovering post-fracture bone loss as females. Adolescent males will therefore have a greater risk than females of achieving lower peak bone mass by the end of the growth period, potentially increasing fracture risk throughout adulthood.
Sex Differences in Systemic Bone Loss Due to Inflammation
While growth differences may increase systemic bone loss in adolescent males, variation in the inflammatory response may contribute to sex differences in systemic bone loss throughout life. Males exhibit higher serum concentrations of IL-6 and TNF-α after injury than females [124, [140] [141] [142] . This may partly reflect the differential effect of sex hormones on post-fracture inflammation. Although both estrogen and testosterone reduce the expression of IL-6 and other pro-inflammatory cytokines, estrogen may inhibit pro-inflammatory cytokine production more effectively than testosterone [126, 127, 143] . An in vitro study demonstrated that, compared to estradiol, twofold greater androgen concentrations were required to inhibit production of IL-6 by human bone cells as well as osteoblast cell lines from rats [128] . Studies of fracture risk also indicate that estrogen may reduce bone resorption after fracture more than testosterone. In males, low estrogen levels are better predictors of prospective fracture than testosterone [129, 131] . In addition to direct inhibition of pro-inflammatory cytokine production, estrogen may also decrease monocyte levels by inducing mitotic arrest and apoptosis [144] . This is supported by an in vitro study of inflammatory response to lipopolysaccharide stimulation, which showed that normalizing TNF-α levels to monocyte counts removed the difference between men and women in cytokine concentrations [145] . Furthermore, higher monocyte levels in men may increase bone resorption, because monocytes can differentiate into osteoclasts in the presence of RANKL [60, 146] .
Overall, males may experience greater bone loss following fracture and reduced recovery compared to females, though this remains to be shown experimentally. This may partially be due to differences in growth rate during adolescence, the protective effects of estrogen, or differences in immune system function. As with studies of age-differences, animal studies can provide a better understanding of sex differences in systemic bone loss and the extent to which this is mediated by Fig. 7 Standardized incidence ratio (SIR) for the risk of fracture at age ≥ 50 years for men and women following a distal forearm fracture in childhood (age ≤ 18 years) from 1935 to 1992 [10] differences in inflammation. Additional clinical studies could also be performed to evaluate sex differences in systemic bone loss after fracture [2] .
Summary
Based on current data, we can postulate that fracture initiates a period of systemic bone loss that may increase the risk of a future fracture at any skeletal site, and this increased risk may persist for several years if not longer. In the long term, incomplete recovery of bone quantity and quality increases the risk of osteoporotic fractures. In humans, bone loss begins almost immediately after fracture, and it may continue for up to 2 years. Subsequently, recovery in bone quantity occurs, but bone quantity and strength may not return to their pre-fracture levels, especially in older people. Disuse, inflammation, and circulating hormones that regulate calcium homeostasis are all likely mechanisms that contribute to systemic bone loss after fracture. Clinical and animal studies suggest that the magnitude of bone loss is greater in more severe injuries, in older individuals, and in males. To some degree, this likely reflects increased inflammatory response. Other factors such as greater mineral need and disuse following more severe fracture may also play important roles.
Although post-fracture bone loss likely increases fracture risk and accelerates the development of osteoporosis, understanding of this phenomenon remains incomplete. Both animal models and clinical studies can improve understanding of systemic bone loss after fracture. Specifically, future animal and clinical studies can better characterize the chronology of systemic bone loss and extent of recovery, as well as how this varies due to sex and age. Furthermore, research should explore the effect of specific signaling molecules such as proinflammatory cytokines, sclerostin, PTH, and sex hormones on systemic bone remodeling and skeletal strength following fracture. Ultimately, this knowledge could lead to treatments that can be applied soon after a fracture that will ameliorate post-traumatic bone loss and reduce future fracture risk for these patients. 
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